INTRODUCTION
Various ultrasonic methods [1] [2] [3] have been proposed for determination of anisotropic elastic stiffness and constants of composite materials. Among them, the double through transmission method [2] is effective because of direct measurement of the phase velocity as well as simple experimental set-up of use of single transducer. However, this method requires to install a reflector plate in the opposite side of the transducer. For determining anisotropic elastic properties of fabricated structural parts, which have different shape from flat panels, however, the application of the double transmission method is difficult.
To circumvent this issue, we propose a scheme in which an orthogonal reflector block is attached on the sample surface. Instead of the double transmission, we make use of the doubly reflected wave at the back surface of the sample and the reflector block as well as that at the front surface of the sample and the reflector. Thus, this measurement is done completely from single side. In this paper, we show that the phase velocity can be determined by the time delay between the double reflected waves just mentioned in this scheme. Also the quasi-transverse velocity of C/Al composite is measured by the proposed method and is compared with that by the double transmission method.
THEORY
In this paper, we consider a unidirectionally reinforced composite panel. Because that the fibers are distributed at random in the plane perpendicular to the fiber direction, the panel is modeled by transversely isotropic solid. With the coordinate system shown in fig.1 , the component of elastic stiffness to be determined are CIJ=Czz, C33, C13, C44, and C 66 =(C IJ -C 12 )12 in abbreviated expression. The phase velocities of a plane wave of which unit wave normal vector n and polarization vector P are given by Christoffel's equations, (1)
where Cjjkl, P and V denote the elastic stiffness, density and phase velocity, respectively. Because of transversely isotropy, the longitudinal and transverse velocities in X 1 -X 2 plane are independent of the direction of the wave vector, thus C 22 and C 66 are determined by those velocities, In X 2 -X 3 plane, the quasi-longitudinal and quasi-transverse velocities are given by
where fJ denotes the complimentary angle of the incident angle with respect to the fiber direction within X 2 -X 3 plane. By measuring the velocities at various incident angles, we can determine three elastic stiffness, C33, C44, C13.
PHASE VELOCITY MEASUREMENT BY DOUBLE REFLECTION METHOD
The phase velocity in anisotropic material is generally different from the group velocity. However, we measure only the time-of-flight of the wave propagating with the group velocity, not the phase velocity. Therefore we must make clear the difference of the time-of-flight of the waves of those velocities. For the proposed scheme shown in Fig.2 , the wave path of the group velocity, V g , is ABC in the sample and CDE in water. The time required for travelling along this path is given by (4) where Vo and 1/J denote the sound velocity in water and deviation angle between the phase and group velocities, respectively. 
Apparently Eqs. (4) and (5) are different, however, we can prove that tg equals tp with some trigonometric calculus, by considering the relation V p= V gCOS ' I/J and the geometry of the wave paths. Thus we need not worry about the difference between the wave paths of the phase and group velocities.
For measuring the phase velocity, we make use of the delay time of the reflected wave at the back surface in reference to the front surface echo, as shown in Fig.3 . The difference of the time-of-flight along the path I-II-III-IV-V from that along the path I-VI is by Vo sine;
M=t -t I-II -III -IV -v
we can express the phase velocity in terms of At, h, e i and Vo by Stepping motor Reflection block Sam pic Figure 4 . Experimental set-up for phase velocity measurement.
EXPERIMENTAL SET-UP
The schematic diagram of the measurement system is shown in FigA. Except for the reflection block on the sample surface, other components and functions are same as that used in the previous paper4l. A 10Mhz transducer (Panametrics V112) was excited by a pulser/receiver (Panametrics 5900PR) which was triggered by a AID converter board (Sonix STR-8100). The received echo signal was digitized by the ND converter and accumulated 256 times into a computer memory. By this accumulation, we obtain waveforms of higher SIN ratio. The reflection block was an optical orthogonal prism, of which error in the orthogonality is less than 0.083' , and it was attached to the sample surface by silicon rubber. The variation of water temperature was controlled within 0.02K during data acquisition.
EXPERIMENTAL RESULTS
The measurement has been done for C/ A! composite panel, of which main specifications are shown in table 1 . We have measured the velocities of the longitudinal and transverse waves in the X J -X 2 plane and the velocity of the quasi-transverse wave in X Z -X 3 plane.
Some received waveforms are shown in Fig.5 , where the left wavelet denotes the front surface echo and the far right one stands for the back surface echo which traveled as quasi-transverse within the sample. By the way, the wavelet appeared between them are mode-converted one. We calculated the time delay in Eq.(6) by using cross correlation and determined the phase velocity of the quasi-transverse wave by Eq. Stiffness components C li and C66 were determined by Eq. (2) . The other components included in Eq.(3) were determined by applying nonlinear least square fit for the quasitransverse velocity shown in Fig.6 . The engineering elastic constants thus obtained are shown in Table 2 with those measured by the double through transmission method. The elastic constant in the fiber direction is estimated 10% higher than by the double transmission method. For other stiffness, the difference between two methods is quite small. A double reflection method is proposed for measuring anisotropic elastic stiffness of composites. In this method, an orthogonal reflector is attached on the sample surface, therefore real single side measurement is possible. The method has been applied for determination of anisotropic elastic stiffness of unidirectionall y reinforced C! Ai composite.
The estimated elastic constants are close to those measured by the double transmission method. It is necessary to calibrate the orthogonality between the sample surface and orthogonal reflection block and to make correction on the velocity.
